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of bending is divided into two parts, which is convex bending and concave 

bending. Through series of simulations, the effects of the bending on 
Keywords: the absorptivity and the shifting of the resonant frequency is observed. 
Also, the study on the change of incident and polarization angle is also 
included to support the basis of flexible metamaterial absorber affected by 
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1. INTRODUCTION 

Ever since Landy et al. introduced perfect metamaterial absorber (MMAb), MMAb has become one 
of the most potential study in microwave research study [1]. Metamaterial is an artificially structured material 
that is capable to wield the electromagnetic radiation according to the purpose of its application. Structures 
that vary in size, shape and composition, inducing electromagnetic moments, that affect the macroscopic 
effective permittivity and permeability successively [2]. Absorber is one of the applications that can use 
the metamaterial as its material. The function of absorber is to absorb the electromagnetic radiation, 
in the same time requires a very minimal reflectance. As for MMAb, the metallic patch serves as admittance. 
High absorptivity can be realized when a very low reflectance occurred, which is resulted by a matching load 
impedance to the free space [3]. 

MMAb has been increasing in popularity among researchers due to its uniquess property that make 
use of lossy component (imaginary part) of effective permittivity and permeability of the designated 
structures rather than focusing to the real part of the aforementioned medium properties that are normally 
interest the researchers. A lot of devices can be designed using the concept of MMAb such as bolometer 
spectroscopy [4, 5], thermal emission [6, 7], and sub-wavelength imaging [8, 9]. Since metamaterial has 
infinite possibilities to design, it has attracted huge attention to diversify its field. To date there are various 
MMAb designed, such as single-band [10, 11], dual-band [12, 13], multi-band [14, 15], wide-band [16, 17], 
tunable or switching [18, 19], and flexible MMAb [20]. The flexible MMAb is a challenge to be realized as 
to match the load impedance with the free space at various inclination is not easy. The first step to do other 
than varying its incident angle is to choose the correct material for flexibility of MMAb. Many designs of 
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the MMAb are based from FR-4, which is not only economically feasible, but its light and thin structure 
make it possible to create a good MMAb. However, it is hard and not flexible, which makes it not suitable for 
the purpose. Secondly is to deform the structure without destroying its shape. The method proposed in this paper is 
by bending the MMAb in two ways; convex and concave bending, which will be later discussed in next section. 
The idea of this MMAb is to function against a motion detector; function-wise it will sound like an 
invisibility cloak. To create a MMAb that function against a motion detector means that it needs flexibility to 
operate against all incident wave, including some bending effects on no matter polarization it might be [21]. 
The most suitable material to operate on is textile-based material. Since the MMAb designed to be operated 
in X-Band, a unit cell is predicted to be very small and inapplicable to textile, thus it limits the posture of 
the MMAb [22]. Therefore, for this paper only two types of bending are introduced. 


2. DESIGN CONSIDERATION 
2.1. Metamaterial absorber 

To achieve the purpose of stealthy against electromagnetic radiation, the MMAb is aimed to be light 
and flexible. The best materials for the task is textile-based for substrate and a very thin metallic plate for 
the patch and the ground plane. The textile substrate is projected to be 1.0 mm thin and dielectric constant, ¢, 
of 1.7 with tangent loss of 0.02, operating at 2.45 GHz [23]. The closest material would be denim. 
The copper plate has an electric conductivity of 5.8x10’ S/m with the thickness of 0.035 mm. The rational 
of choosing the thinnest material possible is based on the study that the greater absorptivity can be achieved 
through thinner absorber [24]. The structure chosen for analysis is in the form of conventional ring structure 
as shown in Figure 1 due to its simple design and high absorbance [25]. Figure 1 is the design of 
metamaterial absorber used for the simulation of bending absorber. The selection of this design is based on 
the orthodox structure and as to achieve the polarization insensitive purpose of flexible metamaterial 
absorber, the design has to be symmetrical at the front view. The resonant frequency of this structure 
is 10.525 GHz. 





Figure 1. Effects of selecting different switching under dynamic condition 


2.2. Types of bending 

The curvature set for the bending factor is decided on the relation between radius of the curvature 
and the width of the unit cell, as shown in Figure 2(a). As the width of a unit cell is labelled as W, 
the radius, FR is initially a part of a cylinder, at which the absorber bent accordingly to the curvature. Table 1 
explains the difference in radius that makes up the bending factor, which is the manipulating variable of 
the simulation. The bending factor is prescribed as the larger the value, the less significant the bending will 
be, and zero-bending factor means that there is no bending happened. Bending factor of 0.3 is the limit for 
the simulation as it is difficult to extract the result by using smaller bending factor. There are two parts of 
the bending factors, one is curvature that bends towards the electromagnetic radiation, or Port 1, which is 
called concave curvature and another bending factors whose curvature bends away from the radiation that is called 
convex curvature. The posture of both concave and convex curvature are pictured in Figure 2(b) and Figure 2(c). 
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Figure 2. Bending, (a) The curvature set for the bending factor of selecting different switching under dynamic 
condition, (b) Concave bending, (c) Convex bending 


Table 1. Setting of bending factor 


Curvature Bending factor 
radius, R Concave bending Convex bending 
5/3*W 1.7 1.7 
3/2*W 1.5 1.5 
5/4*W 1.3 1.3 
W 1.0 1.0 
3/4*W 0.7 0.7 
1/2*W 0.5 0.5 
1/3*W 0.3 0.3 


3. PARAMETRIC STUDY 
There are three series of simulations; first to find out how the bending factor affects the absorptivity, 
second is to differ in term of incident angle and the third is to look the effects change of the polarization angle. 


3.1. Absorptivity for different bending factor 

The effects of bending of the MMAb in convex and concave manner can be shown in Figure 3(a) 
and Figure 3(b) respectively. The initial hypothesis of MMAb 1s, the more deformed a MMAb is, the worse 
the absorptivity it will achieve. As explained in Table 1, the more obvious the bending happened to 
the MMAb, the smaller it is for the bending factor. Referring to Figure 3(a), the flat annulled circle MMAb, 
the one with no bending applied, reaches the maximum absorptivity at 10.525 GHz, which is around 90%, 
and the absorbance graph shifted to the right as the bending factor decreases, for convex bending. 
However, for concave bending, the absorbance graph shifted to the left as the bending becomes more 
obvious. The smallest bending factor, 0.3, records the worst absorptivity of all at its center frequency, which 
is 81.42% at 10.61 GHz. However, it gained 71.55% of absorptivity at 10.525 GHz, which surpasses bending 
factor of 0.5 that reached the lowest of 66.38% at the same frequency. The overall finding from convex 
bending is that, the increase or decrease of bending factor does not improve the absorptivity of the MMAb. 

As for concave bending as shown in Figure 3(b), the MMAb shows a more consistent absorptivity 
as the bending occurs. The peak absorptivity of each run for different bending factors is slightly better than 
the one run at normal inclination. Similar behavior with convex bending, as the bending factor gets smaller, 
the absorptivity deteriorates at the designated center frequency. The worst absorptivity recorded is 61.45% 
for bending factor 0.3. Overall, absorptivity of annulled circle MMAb when bending is applied, does not 
show a fair distribution behavior and it is hardly predictable. However, it is proven that the more flexible 
the MMAb is, the lower the absorptivity it may achieve, with exception of bending factor 0.5 for convex 
bending. Comparing both bending, concave bending exhibits more stable absorptivity across different 
bending factors at 10.525 GHz, although it has worse absorbance when applying lowest bending factor. 

Figure 4 shows the absorptivity for both convex and concave bending over the change of bending 
factor. As assumed earlier, the larger the bending factor is, the greater absorptivity it can achieve. 
The assumption is true for both cases, however, for concave bending it shows a sudden drop at bending factor 
of 0.5 and 1.3. The absorptivity pattern is more stable for concave bending, although it illustrates a relatively 
worse absorbance at bending factor lower than 0.5. At average, convex bending scores higher in term of 
absorptivity. On the other hand, concave bending exhibits high absorptivity of 72.16% at bending factor of 0.3. 
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Figure 3. Absorptivity of different bending factor for, (a) Convex Figure 4. Absorptivity over changing 
bending, (b) Concave bending bending factor for convex bending and 
concave bending 


3.2. Varying the incident angle 

This section explains the absorptivity pattern for changing bending factor. Referring to Figure 5(a), 
the trend of absorptivity of all incident angles for convex bending is similar. For every inclination, 
the absorptivity reaches the lowest at bending factor of 0.5. The divergence for the largest incident angle 
is only +6%, which is the lowest compared to other incident angles. This means that at larger incident angle 
for convex bending, the change of bending factor appears to affect the absorptivity less when compared to 
change of bending factor at smaller incident angle. However, the very low of absorptivity for incident angle 
of 70° makes the MMAb unfit to be called flexible MMAb. It can be concluded from Figure 5(a) that 
the larger incident angle will deteriorate the absorptivity more. 

Figure 5(b) illustrates the trend of absorptivity of different incident angles of concave bending. 
The pattern slightly differs, as when the MMAb is at flat inclination and at the largest bending factor, 
the absorptivity is not relatively high that is 89.77%, compared to the absorptivity at 30° and 50° , which are 
93.72% and 94.36%. At every incident angle, the absorptivity increases greatly after applying the bending 
factor of 0.5. Three out of four simulated incident angles peak at bending factor 1.5 and it obviously shows 
when tilting the MMAb to 70° . 
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Figure 5. Absorptivity over bending factor for different incident angles, (a) Convex bending, 
(b) Concave bending 


3.3. Varying the polarization angle 

The absorptivity along the change of polarization angle is shown in Figure 6. As the design is 
horizontally and vertically symmetrical at top view of the MMAb, the simulation only took place from 0° to 
90° . The absorptivity achieved by the proposed MMAb fluctuates very slightly for both convex and concave 
bending. Although convex bending exhibits higher absorptivity, the difference is so small. The divergence of 
the absorptivity for the convex bending is +0.015% and for concave bending is around +0.01%. Although 
various bending factor has been applied, the results are similar. From the observation, it can be assured that 
both of the MMAb designs are insensitive towards polarization as the deviation is insignificant. 
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Figure 6. Absorptivity over polarization angle 


4. CONCLUSION 

Although the bending is only applied in simulation, how it will affect the absorptivity has been 
studied. It gives more opportunity to apply the theoretical part of the MMAb to practical. The assumption 
made prior to the study is proven true, that is the more deformed structure will generate less absorptivity. 
Additional result found is that, the center frequency changes as the bending takes place, either it is convex 
bending or concave bending. Based on existing work, it is possible to further the study to practical work and 
improve the structure, so that it is unaffected from every possible projection. 
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